INTRODUCTION
============

In most cases where endodontic treatments prove unsuccessful, it is due to treatment procedures that have failed to meet a satisfactory standard for control and elimination of infection \[[@R1]\].

The need for retreatment may be attributed to either reinfection by oral bacteria or, more often, to the persistence and regrowth of microorganisms that were not eliminated during the previous treatment. Elimination of microbes from the pulpal tissue as well as in root canals is the main goal when aiming to prevent and treat pulpal and periapical lesions. Successful root canal therapy relies on the combination of proper instrumentation, disinfection and obturation of root canal \[[@R2]\].

Employment of mechanical instrumentation is the core method for bacterial reduction in the infected root canal, but achieving bacteria-free root canals still proves to be a difficult task \[[@R3]\].

Various studies have demonstrated that mechanical preparation with hand instruments and irrigation with saline cannot predictably eliminate the bacteria from the infected root canals \[[@R4], [@R5]\].

Therefore, the current focus of interest has been the use of irrigating solutions with strong antibacterial activity as the necessary supplement to mechanical preparation.

Nowadays, most studies focus on the antimicrobial properties of the irrigating solutions, involving both forms of bacterial growth, planktonic and biofilm. However, few studies look into the residual antibacterial activity and its influence on microbial adhesion to the dentin surface \[[@R6]\].

This is a relevant aspect to take into consideration because microbial adherence to the dentin is the first step in colonization, including tubule invasion, and the origin of biofilm infections.

The purpose of this paper is to give a succinct literature review of different commercially available root canal irrigants, with particular attention to their effect against *E. faecalis*, and the state-of-the-art irrigating solutions using plant extracts.

MATERIALS AND METHODS
=====================

The first criteria for research in PubMed/Medline were dental journals from 1982 to 2015. A first research attempt was made with the keywords "endodontic irrigants" and "*Enterococcus faecalis*" and it resulted in 163 articles; the second search was done with the keywords "plant extracts" and "*Enterococcus faecalis*" and/or "endodontic", resulting in 15-25 articles; the third search, with the keywords "*Enterococcus faecalis*" and "essential oil", resulted in 104 articles. Inclusion criteria: *in vitro* studies, antibacterial activity against *E. faecalis*, antibacterial activity of the plant extracts compared to NaOCl and/or Chlorhexidine, essential oil tested as an endodontic irrigant and/or present in more than two publications.

Endodontic Bacteria
-------------------

Once the root canal is infected coronally, the infection progresses apically until bacterial products or bacteria themselves are in a position to stimulate the periapical tissues, thereby leading to apical periodontitis. The microorganisms and their products (endotoxins) are closely related to the etiology of pulpal and periapical lesions. They can cause pulp necrosis due to their persistence in the root canal system after endodontic treatment and can induce a periapical inflammatory reaction. Root canals with primary infections contain a high bacterial load, but chemo-mechanical root canal preparation has proven able to reduce bacterial counts by at least 95% \[[@R7]\].

Endodontic infections have a polymicrobial nature, with obligate anaerobic bacteria conspicuously dominating the microbiota in primary infections. The root canal microbiota includes more than 700 different bacterial species some of which have not yet been identified at species level \[[@R8]\]. In addition to bacteria, other microorganisms like yeasts can be found in root canals with pulp necrosis \[[@R9]\].

The main microorganisms that are isolated before a root canal treatment include Gram-negative anaerobic rods, Gram-positive anaerobic cocci, Gram-positive anaerobic and facultative rods, (saccharolytic species such as many types of *Prevotella* and asaccarololytic species such as *Porphyromonas,* furthermore *Tannerella forsythia, Dialister, Fusobacterium, Spirochetes*), *Lactobacillus* species, and Gram-positive facultative *Streptococcus* \[[@R10]\].

Obligate anaerobes are generally eradicated by the endodontic treatment; on the contrary, facultative bacteria such as non-mutants Streptococci, Enterococci, and Lactobacilli are able to survive chemo-mechanical instrumentation and root canal irrigation \[[@R6]\].

### Enterococcus faecalis

A commonly isolated species from persistent apical periodontitis \[[@R11]-[@R15]\], *Enterococcus faecalis* is a microorganism that can tolerate extreme conditions \[[@R16]\].

Its long-term survival in the root canal system could be a result of its ability to adhere to dentin and invade dentinal tubules \[[@R17], [@R18]\] and to form communities organized in biofilms, which may contribute to bacterial resistance and persistence after intracanal antimicrobial procedures \[[@R19]\].

Pinheiro *et al*. found *E. faecalis* in 52.94% of canals with bacterial growth \[[@R20]\]. This microorganism has demonstrated the capacity to survive in an environment in which there are available nutrients and in which commensality with other bacteria is minimal \[[@R21]\].

It is therefore probable that bacteria within dentinal tubules surviving chemo-mechanical instrumentation and intracanal medication may colonize the tubules and reinfect the obturated root canal \[[@R22]\].

Its pathogenicity ranges from life-threatening diseases in compromised individuals, to less severe conditions, such as infection of obturated root canals with chronic apical periodontitis. In the latter situation, the infecting organisms are partly shielded from the defense mechanisms of the body. The most-cited virulence factors of *E. faecalis* that may be related to endodontic infection and the peri-radicular inflammatory response are aggregation substance, surface adhesions, sex pheromones, lipoteichoic acid, extracellular superoxide production, the lytic enzymes gelatinase and hyaluronidase, and the toxin cytolysin. Each of them may be associated with various stages of an endodontic infection as well as with periapical inflammation. While some products of the bacterium may be directly linked to damage of the periradicular tissues, a large part of the tissue damage is probably mediated by the host response to the bacterium and its products \[[@R23]\].

The ability of *E. faecalis* to tolerate or adapt to harsh environmental conditions may act as an advantage over other species. It may explain its survival in root canal infections, where nutrients are scarce and there are limited means of escape from root canal medicaments.

In *in vitro* studies, *E. faecalis* has been shown to invade dentinal tubules \[[@R16], [@R24]-[@R26]\] whereas not all bacteria have this ability \[[@R24]\]. In animal studies, where pure cultures of various bacteria were inoculated separately into root canals, *E. faecalis*, unlike others, was found to colonize the root canal in most cases and to survive without the support of other bacteria \[[@R27], [@R28]\].

Root Canal Irrigants
--------------------

Using root canal irrigant solutions has proved to be essential in endodontic treatment as they aid in disinfecting and lubricating the root canal, flushing out debris from the canal system, and dissolving organic and inorganic tissues \[[@R29]\].

To effectively clean and disinfect the root canal system, an irrigant should ideally: (a) have a broad antimicrobial spectrum and high efficacy, (b) be able to digest proteins and necrotic tissue, (c) prevent the formation of a smear layer during instrumentation or dissolve the latter once it has formed, (d) present low surface tension to reach areas inaccessible to the tools (dentin tubules), (e) offer long-term antibacterial effect, (f) keep dentinal debris in suspension, (g) provide a lubricating action for root canal instruments, (h) be non-antigenic, non-toxic and non-carcinogenic. In addition, it should have no adverse effects on dentin or the sealing ability of filling materials. Furthermore, it should be relatively inexpensive, convenient to apply and cause no tooth discoloration \[[@R30], [@R31]\].

Sodium Hypochlorite
-------------------

Sodium hypochlorite (NaOCl) is one of the most widely recommended and used endodontic irrigants for its antibacterial action and its capacity to dissolve organic tissues, and it has been so for more than 70 years \[[@R18]\]. Concentrations ranging from 0.5-6% have been reported in literature, with higher concentrations having better antibacterial efficacy on *Enterococcus faecalis* \[[@R32]-[@R34]\] but also presenting higher toxicity \[[@R35]-[@R37]\]. Giardino *et al*. evaluated the efficacy of 5.25% NaOCl and MTAD (mixture of doxycycline, citric acid, and a detergent-Tween 80) and found that only 5.25% NaOCl can successfully disgregate and remove the *E. faecalis* biofilm \[[@R38]\]. The latter proved more resistant to the irrigant when comprised of starved cells as opposed to stationary cells, with the efficacy of the 5.25% NaOCl decreasing as the biofilm matured.

The irrigation protocol based on the alternating use of NaOCl and EDTA seems to promote the elimination of root canal *E.faecalis* biofilms \[[@R39]\].

However, the optimal organic tissue-dissolving property of NaOCl is non selective, which means that, especially at high concentrations, this chemical agent may dissolve both vital and necrotic pulp remnants indistinguishably and be toxic to periapical tissues in case of extrusion through the apical foramen to the peri-radicular space \[[@R40]\]. Cytotoxic and genotoxic effects on human peripheral lymphocytes have in fact been observed in connection with the application of sodium hypochlorite \[[@R41]\]. The allergic potential of NaOCl has already been analyzed in medical literature, but only a few cases of known hypersensitivity have been reported in dental literature \[[@R42]-[@R44]\]. Another disadvantage of NaOCl is that it decreases the mechanical resistance of dentin \[[@R45], [@R46]\] by causing deterioration of collagen and proteoglycans \[[@R47]\].

Chlorhexidine
-------------

Chlorhexidine is used extensively in periodontal therapy because of its substantivity and antimicrobial effects against Gram-positive and Gram-negative organisms. For these same reasons, it is also used as a root canal irrigant and intracanal medication in endodontics. It is a relatively non-toxic, broad spectrum antimicrobial agent that offers residual action with less potential for adverse effects, thus offering a clinical advantage over sodium hypochlorite. Another benefit of choosing Chlorhexidine over NaOCl, is that the former could be used to treat patients who are hypersensitive to the latter. In fact, no adverse effects regarding the use of CHX as an irrigant or intracanal medicament have yet been published \[[@R48]\].

Delany *et al*. evaluated the 0.2% Chlorhexidine gluconate on infected root canals of extracted necrotic teeth \[[@R49]\]. Bacteriologic samples were obtained before, during, immediately after and 24 hours after instrumentation, irrigation, and medication either with Chlorhexidine gluconate or with sterile saline. There was a highly significant reduction in microorganisms in the Chlorhexidine-treated specimens after the instrumentation and irrigation procedures. Jeansonne e and White comparing 2% Chlorhexidine and 5.25% NaOCl *in vitro*, showed that Chlorhexidine was more effective in reducing the number of positive culture, even if the difference was not statistically significant \[[@R50]\]. Lima *et al*. indicated that medications containing 2% Chlorhexidine were able to eliminate biofilms of *E. faecalis* at 1 and 3 days of maturation \[[@R51]\]. Other *in vitro* works using a broth dilution test have shown that 2.0% Chlorhexidine and 5.25% NaOCl have similar antimicrobial performance against all tested microorganisms \[[@R52]-[@R54]\] using the agar diffusion method. Ercan *et al*. \[[@R55]\] evaluated *in vivo* the antibacterial activity of 2% Chlorhexidine as irrigating solution in infected teeth compared to NaOCl. Counting of CFU (Colony Forming Units) in samples obtained from the root canals before and after chemo-mechanical preparation showed that both Chlorhexidine gluconate and sodium hypoclorite were significantly effective to reduce the endodontic pathogens in teeth with periapical pathologies. Chlorhexidine was significantly less effective against *E. faecalis* biofilm compared to 6% sodium hypochlorite \[[@R33]\].

Endo *et al*. in a clinical study on secondarily infected root canals with post-treatment apical periodontitis, used 2% Chlorhexidine gel for root canal irrigation \[[@R56]\]. They found that chemo-mechanical preparation was more effective in reducing bacteria (99.61%) than endotoxin (60.6%). If Chlorhexidine is extruded through the apex, it does not induce pain to the patients. However, the structure of the Chlorhexidine molecules poses a systemic risk because it is likely to decompose into reactive byproducts, such as para-chloroaniline \[[@R57]\].

MTAD
----

The poor effectiveness of sodium hypochlorite ascribed to its inactivation by dentin and collagen, has induced many researchers to analyze antibiotic-based irrigants as an alternative because of their higher penetrating power. On this basis, a new root canal irrigant known as MTAD, comprising a tetracycline isomer (doxycycline) 150mg/5ml, citric acid, and a detergent (Tween 80), has been introduced for use as a final irrigation solution. This is reported to eliminate microorganisms that are resistant to conventional root canal irrigants \[[@R58]\].

The antimicrobial action is not due to the doxycycline alone, but it is the result of a synergistic effect among the various components \[[@R59]\]. Doxycycline is effective against clinical isolates of *E. faecalis*, whilst citric acid removes the smear layer and the surfactants may facilitate the penetration of the medicament. On the downside, numerous authors have showed that MTAD was unsuccessful in the disintegration and removal of *E. faecalis* biofilms \[[@R37], [@R60], [@R61]\].

Phytotherapic Agents
--------------------

An increasing number of studies have examined the activity and possible applications of new and natural substances for root canal disinfection \[[@R62]\].

Phytotherapy has evolved as a science, and there has been growing interest in evaluating plant extracts with a potential therapeutic application in dentistry. Below are some of the more relevant substances that may offer a viable alternative to the leading irrigants in the field.

Uncaria tomentosa
-----------------

Commonly known as "cat's claw" because of the small curved spines on the stem at the leaf juncture, it offers an anti-inflammatory, antiviral, antibacterical, antioxidant, and immunomodulating action \[[@R63]\]. Its toxicity is low when used correctly, this being an important advantage of medicinal plant treatments over more conventional methods \[[@R64]\]. Herrera *et al*. have evaluated the antimicrobial activity of *Uncaria tomentosa* against *E. Faecalis*, *S. Aureus* and *C. albicans* \[[@R65]\]. 2% *Uncaria tomentosa* gel and 2% Chlorhexidine gel had similar antimicrobical activity against *S. aureus*, while Chlorhexidine is more effective against *E. faecalis* and *C. albicans.*

U. Tomentosa contains triterpens, vegetal steroids and glycoides, these compounds may be related to its antimicrobial activity \[[@R66], [@R67]\].

Apple Vinegar
-------------

The use of different chemical irrigants for smear layer removal during the root canal treatment has also been proposed, with EDTA, citric acid, maleic acid and apple vinegar offering the most interesting results. Apple vinegar has been indicated as an antiseptic agent due to its medicinal properties, with its use as an auxiliary solution in the chemo-mechanical preparation of root canals showing good results when compared to NaOCl and EDTA \[[@R68]\].

The efficacy of apple vinegar on the endodontic microbiota has been evaluated, showing a good bactericidal action against microorganism associated with endodontic irrigations, such as *S. Aureus* and *E. Faecalis* \[[@R69]\].

*Schinus terebintifolius* Raddi (aroeira-da-praia) and *Syderoxylum obtusifolium* Roem & Schult (quixabeira)

*Schinus terebintifolius* Raddi extracts have been employed as an anti-inflammatory and antimicrobial agent, with studies having demonstrated that acute and subacute administrations of the substances do not produce toxic effects on Wistar rats. On the contrary, only a few researches have investigated the therapeutic potential of *Syderoxylum obtusifolium* Roem & Schult, which has been used as an alternative medicine in the northeast of Brazil for the treatment of oral infections \[[@R70]\].

Tests conducted through the agar well diffusion method have compared the antimicrobial activities of *Schinus terebintifolius* Raddi and *Syderoxylum obtusifolium* Roem & Schult hydroalcoholic extracts, with those of 2.5% sodium hypochlorite and of 0.12% Chlorhexidine (positive control) against *Enterococcus faecalis*. The antimicrobial activity of aroeira-da-praia and quixabeira hydroalcoholic extracts against *Enterococcus faecalis* (ATCC 29212) was evaluated at the concentrations of 100%, 50%, 25%, 12.5% and 6.25% and compared with other solutions containing 2.5% NaOCl and 0.12% Chlorhexidine. Tests were performed on agar plates after 48 hours of incubation at 37°C. All solutions tested demonstrated antimicrobial activity against *Enterococcus faecalis* \[[@R71]\].

Propolis and *Zingiber officinale*
----------------------------------

Propolis presents anti-inflammatory and antimicrobial actions \[[@R72]-[@R74]\]. Duarte *et al*. showed its influence in the reduction of acid production by *S*. *mutans* in the dental biofilm, besides its inhibitory action over the F-ATPase activity of *S*. *mutans* \[[@R75]\]*.*

Ferreira *et al*. evaluated the *in vitro* antimicrobial activity of propolis against anaerobic bacteria, such as *Prevotella nigrescens*, *Fusobacterium nucleatum*, and *Enterococcus faecalis* \[[@R76]\]. The microbiologic analysis did not reveal differences between groups irrigated with propolis and groups treated with other intracanal medicaments such as calcium hydroxide, camphorated para-monochlorophenol, and formocresol; these results are further confirmed by other authors.

For example Valera *et al*. evaluated the action of propolis and intracanal medications against *Escherichia coli* and endotoxin \[[@R77]\]. A biomechanical preparation with propolis extract was able to reduce the amount of endotoxins from the root canals, yet not completely inactivating them. The real mechanism of action of propolis appears to be rather complex and some authors attribute to flavonoids the higher antimicrobial activity \[[@R72], [@R73]\].

While observing the antimicrobial activity of ginger extracts on Gram-negative anaerobes *Porphyromonas gingivalis, Porphyromonas endodontalis* and *Prevotella intermedia*, it was discovered that \[[@R10]\]-gingerol and \[[@R12]\]-gingerol from the ginger rhizome evidenced potent antibacterial activities *in vitro* against anaerobic bacteria associated with periodontitis of the human oral cavity \[[@R78]\]. Maekawa *et al*. have evaluated the effectiveness of glycole propolis and ginger extract, calcium hydroxide and Chlorhexidine alone and in combination as intermediate canal medication, on extracted teeth after contaminations with *Candida albicans, Enterococcus faecalis* and *Escherichia coli* \[[@R79]\]. While all medications were able to eliminate the microorganisms in the root canals and reduce their amount of endotoxins, calcium hydroxide proved more effective in neutralizing endotoxins and less effective against *C. albicans* and *E. faecalis*. Instead, the effect of Ginger extracts on *E. faecalis* during biomechanical instrumentation on extracted teeth, was statistically similar to 2.5% NaOCl and 2% Chlorhexidine \[[@R80]\].

Castor Oil Detergent (*Ricinus communis*)
-----------------------------------------

Castor oil detergent has shown antimicrobial activity and biocompatibility, non-toxic results and detergent properties which are important requirements for an irrigant solution \[[@R81]\]. Endodontic irrigation with castor oil extract is capable of removing debris, showing similar results to 1% NaOCl \[[@R82]\]. Root canal irrigation with castor oil reduces the number of *Escherichia coli* \[[@R83]\] and *E. faecalis* \[[@R81]\] during biomechanical preparation.

Essential Oils
--------------

Essential oils obtained from plants which have been known and used for centuries (spices, medicinal and aromatic plants) are increasingly tested for their antibacterial and antifungal activity. The antimicrobial activity of essential oils is strictly connected to their chemical composition, which is influenced by numerous factors including (but not limited to) the provenance of the plant, the part of plant used, the stage of plant development, climatic and growth condition (temperature, soil, fertilizers, *etc*.) as well as distillation and storage conditions. The mechanism of essential oil action towards microorganisms is complex and the common opinion is that the antibacterial action depends on their hydrophilic or lipophilic character. Terpenoids are an example of lipid soluble agents which affect the function of membrane-catalyzed enzymes, for instance their action on respiratory pathways. Certain components of essential oils can act as uncouplers, which interfere with proton translocation over a membrane vesicle and subsequently interrupt ADP phosphorylation (primary energy metabolism). Specific terpenoids with functional groups, such as phenolic alcohols or aldehydes, also interfere with membrane-integrated or associated enzyme proteins, stopping their production or activity \[[@R84]\].

The mode of action of antimicrobial agents also depends on the type of microorganisms and is mainly related to their cell wall structure and the outer membrane arrangement. The susceptibility of a microorganism to essential oils depends, first of all, on the properties of the essential oil and the microorganism itself. Some general rules have been set, which enable us sometimes to predict the results of experiments. However, considering the specificity of both the microorganism and the essential oil, separate experiments for each system should be undertaken \[[@R85]\].

The antimicrobial property of essential oils from plants was used empirically for centuries, but only recently it has been studied scientifically. Dormans and Deans evaluated the antibacterial activity against 25 different genera of bacteria, all of which had a degree of sensitivity to essential oils tested \[[@R86]\]. Oils with higher activity were thyme, oregano and cloves.

Clove oil offers antibacterial and antifungal actions, and is used as an antiseptic in oral infections \[[@R87], [@R88]\]. The high levels of eugenol in clove essential oil are responsible for its strong antimicrobial activity, with its phenolic compound being able to denature protein and react with cell membranes' phospholipids changing their permeability and inhibiting Gram-negative and Gram-positive bacteria \[[@R89]\]. Clove essential oil can be considered as a potential antimicrobial agent for external use because it is not inactivated by dilution or affected by organic matter \[[@R90]\].

Another essential oil worthy of mention is *Cupressus lusitanica* Mill, which is commonly used to treat hemorrhoids, rheumatism, whooping cough and skin infections \[[@R91]\] and it is rich in α-pinene and δ-3-carene \[[@R92]\]. The MIC value of oil for *E. faecalis* (ATCC10541) ranged from 1.25 (10% v/v) compared to a 15.62 μg/ml of the reference compound (gentamicin); the lethal dose of this extract was evaluated at 6.33 g/Kg bodyweight on male Wistar albino rats \[[@R93]\].

Also exhibiting satisfactory antifungal, antibacterial and antioxidant activities \[[@R94], [@R95]\], *Myrtus communis* is an evergreen small tree with a wide distribution in Iran and other tropical regions of the world. Nabavizadeh *et al*. have found that the *Myrtus communis* essential oil inhibited the growth of *E. faecalis* and *S. aureus* with a lower MIC compared to NaOCl; the main constituents of *Myrtus* essential oil were 1,8-cineole, α-pinene and linalool \[[@R96]\].

RESULTS
=======

An ideal endodontic irrigant should possess some essential properties already covered by many authors, but to this date there is no such substance known to researchers. Some endodontic irrigants do show good antimicrobial activity, however they might result toxic; others dissolve the smear layer, but do not efficiently disinfect the root canal system.

*E. faecalis* is considered the principal pathogen related to endodontic infections.

NaOCl is the main recommended irrigant by experts due to its antibacterial activity and dissolving capacity on pulp tissue, and presently the most efficient antibacterial agent for root canal disinfection. Numerous antimicrobial agents, like Chlorhexidine, have been proposed as alternatives for root canal disinfection. Chlorhexidine is relatively non-toxic but its efficacy is questionable, being that some authors reported a reduced activity against *E. faecalis* biofilm and endotoxins compared to NaOCl.

The antimicrobial action of MTAD is due to its complex formulation but even so, it is not able to completely disintegrate and remove the *E. faecalis* biofilm.

It is often requested by patients that the irrigant be formulated with natural substances, since many prefer holistic medicine. Thus five plant extracts have been selected for further studies.

*Uncaria tomentosa* has proved less effective than Chlorhexidine against *E. faecalis,* but it does have anti-inflammatory and immunomodulating properties.

Apple vinegar has shown good preliminary results in animal experiments regarding its smear-layer removal abilities.

Propolis and ginger extracts have demonstrated good activity as intracanal medicaments in *ex vivo* studies.

The research on the effects of essential oils on *E. faecalis* is still scarce, thus further studies on the subject should be conducted. In particular, pre-clinical studies would be necessary.

CONCLUSION
==========

The purpose of endodontic treatment of teeth with pulpal necrosis and apical periodontitis is to eliminate microorganisms from the root canal system, dentinal tubules and the periapical region. NaOCl has continuously demonstrated stronger antimicrobial efficacy in the endodontic space than other irrigation solutions. The most important disadvantage of NaOCl is its strong toxicity to the periapical tissues when it extrudes through the apex. Many plant extracts have shown pharmaceutical potential against several microorganisms such as *Enterococcus faecalis*, but further studies have demonstrated their inefficacy when used in *ex vivo*studies.

The literature analyzed thus far, has focused its attention on plant derivatives that are capable of antibacterial activity against *Enterococcus faecalis,* without *in vivo* studies. We can therefore hypothesize that some of these phytotherapic substances could be a potential alternative to NaOCl for the biomechanical treatment of the endodontic space.
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